Accurate three-dimensional quantum mechanical reaction probabilities are presented for the reaction F + H, + HF + H on the new global potential energy surface SSEC for total angular momentum J = 0 over a range of translational energies from 0.15 to 4.6 kcal/mol. We find that the v' = 3 HF vibrational product state has a threshold as low as for v' = 2. We also find considerable structure in the reaction probability and cumulative reaction probability curves which may be indicative of resonance structures. We compare these results to those for another potential energy surface SSEC-W, which differs from surface SSEC in the magnitude of the van der Waals well in the entrance channel, and to those for two previous potential energy surfaces.
I. INTRODUCTION
The F + Hz system is one of the most challenging triatomic reactions to understand. A wide range of experimental techniques have been applied to this system and have produced an exciting array of results that have initiated intense theoretical study. (Representative references are given in the preceding paper.') One feature of this exoergic reaction that has been of particular interest is the observation of population inversion in the product vibrational states, with the v' = 3 and v' = 2 states of the HF product being populated significantly more than the v' = 1 or 0 states.2'a) Even more interesting is the unusual angular dependence of the differential cross sections for producing these states. 2'b' In an attempt to fully understand the dynamics of this reaction a large number of approximate and accurate theoretical studies have been carried out. The great majority of these studies have been performed on surface No. 5 of Muckerman,3 called M5, but such studies4 were unsuccessful in reproducing the experimental5 observations. Later calculations have been performed on surfaces Nos. 5 (Ref. 6 ) and 5A (Ref. 7) of our own research group, which to date had been the best global potential energy surfaces with realistic representations of the exit valley for this system. Accurate quantum dynamics calculations for surface No. 5A (both early calculations at low total angular momentums and more recent calculations' summing over angular momenta) predicted a population inversion in the product vibrational states of HF and no delayed threshold for v' = 3 as compared to v' = 2. Delay time calculations were also performed 8(a),8(c)V8(d) on this surface, and they showed no resonance behavior for orbital angular momentum I equal to zero over the whole energy range involved in the molecular beam2'b' experiments. Approximate quanta1 calculations" of the differential cross sections on surface 5A show encouraging similarities to experiment.* Although these aspects of the calculations performed on surface No. 5A correspond well with the experimental observations, recent scaled-external-correlation (SEC) ' ' and ab initio'2 calculations indicate that the region around the F-H-H saddle point on this surface is incorrect, especially Il(b)~I*(b)sl*(C) thebending potential. In the preceding paper we presented a new global potential energy surface called SSEC which incorporates the qualitative features of the saddle point region predicted by these calculations for both linear and nonlinear geometries.
The new SSEC surface also incorporates a more accurate treatment of the van der Waals long-range attractions, but a second apparent deficiency of the 5A surface, namely that accurate quantum' and quasiclassica14'k' calculations summed over all total angular momenta yield a higher (v' = 3)/(v' = 2) ratio than experiment,2 was not addressed explicitly in the refitting, and it is unclear until full quantum dynamics calculations are performed on surface SSEC whether the refitting will improve this aspect. As a start on examining this question we report here on accurate quantum mechanical calculations for the new surface for total angular momentum Jequal to zero. We will also report calculations on another surface, called surface SSEC-W, which is similar to surface SSEC and differs primarily in the region of the van der Waals well in the entrance channel. This comparison allows us to begin to learn about the sensitivity of product vibrational distributions to changes in entrance-channel characteristics. To place this comparison in the perspective of past work we also compare to accurate quantum results for zero total angular momentum for the M5 and 5A surfaces.
II. POTENTIAL ENERGY SURFACES
The potential energy surface which forms the main focus for the present calculations is surface SSEC which is Lynch et al.: F+ H, reaction described in detail in the previous paper. ' The regions of this surface near the F-H-H and H-F-H saddle points are based on SEC calculations, and the F-H-H exit-channel region is based on the surface No. 5 (Ref. 6) developed previously in this research group. [The exit channel of surface 5A (Ref. 7) is also based on that of surface 5, and surfaces 5, SA, and SSEC are all quantitatively similar in the exit valley.] For comparative purposes, accurate quantum results using the popular M5 surface3 and the surface No. 5A of Steckler et aL4 will also be presented here. The final surface that is studied in this paper is the surface called SSEC-W and details of this surface are presented in the rest of this section.
In the development of the SSEC surface we found that the F-H, van der Waals interaction region was sensitive to the magnitude of the weights used in the least squares fitting routine for the F-H-H entrance and exit channels. As discussed previously,' some points near the F-H-H saddle point received weights higher than unity, and the final values of these weights, which were equal to 12, were determined by empirically fitting the spherical average well depth of the FH, potential in the van der Waals region to the experimental results of Aquilanti et al. I3 If, instead of 12, we set these weights equal to 50, we obtain a surface SSEC-W which fits the F-H-H and H-F-H barrier regions quite well and is similar to surfaces 5,5A, and SSEC in the exit valley, but has a spherically averaged FH, potential well depth of 0.625 kcal/mol vs the 0.145 kcal/mol value on surface SSEC. The W in surface SSEC-W denotes the extra deep "well. " An analysis of the stationary points for surface SSEC-W was carried out via Newton-Raphsoni4 searches. The positions and harmonic frequencies for the collinear and bent F-H-H, F-H-D, and F-D-D saddle points on surface SSEC-W are presented in Table I . As for surface SSEC,' surface SSEC-W has two first order saddle points and so there also exists a second order saddle point (hilltop), the properties of which are listed in Table II. In Table III we list the properties of the well in the F-H, interaction region. In Tables I-III of previous work 4(g)V6 that in order to form these high vibrationally excited states with significant probability the exitchannel adiabatic barrier for a given v' state must be lower than the vibrationally adiabatic barrier in the entrance channel. To test whether this is true for surface SSEC-W we calculate the zero-angular-momentum, stretching-state-specific vibrationally adiabatic potential curve which is defined aS4(bM5.16
where s is the distance along the minimum energy path (MEPI, V,,, is the potential along the MEP at s, E,~, ( V'J) is the stretching vibrational energy with a stretching quantum number equal to v ', and &,,d is the zero point energy of the doubly degenerate bending vibration. In Eq.
( 1) the bending-rotational-orbital quantum numbers are equal to zero and the superscript g is used to denote that these degrees of freedom are in their ground state. To determine the vibrationally adiabatic potential curve for surface SSEC-W, the stretching vibrational energy is calculated by the WKB approximation,16 and the zero point energy of the bending vibration is found by a harmonic-quartic approximation. The harmonic-quartic potential is determined by a Taylor series in the deviation of the bond angle from r (Ref. 17) and the energy levels were obtained by variation-perturbation theory. I8 The vibrationally adiabatic exit-channel barrier, relative to the reactant zero point energy, is then found by finding the maximum in the product valley of the adiabatic potential curve. This yields
where s%O means in the exit valley, after the region of large reaction-path curvature. [ Vz (v' = 3 or 4,s) has an unambiguous local maximum there, but, of course, it has a physically irrelevant maximum about 30 kcal/mol higher near the entrance-channel saddle point where only the v = 0 state is relevant at the collision energies of interest. ] Table IV lists the vibrationally adiabatic exit-channel barriers measured from the ground state of the reactants for surface SSEC-W, and, for comparative purposes, similar quantities for the other three surfaces discussed in this paper are also listed in Table IV .
III. DYNAMICS CALCULATIONS
The dynamics calculations are for total angular momentum J = 0, and the initial vibrational quantum number (0) is also equal to zero. The method, which is explained in detail elsewhere, I9 is based on a complete 2' basis-set expansion of the coupled reactive amplitude densities which are defined by multichannel distortion potentials and the Fock coupling scheme. The distortion potentials used are fully coupled in the rotational quantum numbers but are uncoupled in the vibrational quantum numbers and the channel TABLE V. Parameter sets used in the convergence study for surface SSEC." arrangements. By considering the H atoms as distinguishable, there are three arrangements for the F + H, reaction: a = 1 corresponds to F + H,, CT = 2 corresponds to H, + H, F, and a = 3 corresponds to H, + H, F. Permutation symmetry was used to simplify the calculations, and for even initial rotational quantum numbers, only the even symmetry block lgcb) had to be solved. The numerical and basis set parameters are determined such that reaction probabilities into specific product vibrational states are well converged. To converge these calculations two independent convergence tests, each using two different sets of parameters, were performed; as an example of the convergence, Table V lists four parameter sets which were used to test the convergence of the calculations on surface SSEC. In Table  VI we compare state-to-state reaction probabilities and cumulative reaction probabilities for these four parameter sets at a sample total energy of 0.325 eV. The state-to-state prob- Sample of the convergence of the reaction probabilities and even-permutation-cumulative reaction probabilities for F + Hz(Q) + HF( u') + H with J = 0 at 0.325 eV on surface SSEC calculated with the four different parameter sets listed in Table I bilities P+ are for the reaction F + H?( u = Oj) +H + HF( u') for initial vibrational state u = 0 and initial rotational statej = 0 or 2, summed over all final rotational states (j'), for the given final vibrational level u'. The cumulative reaction probabilities are sums of all zerototal-angular-momentum, even-permutation-symmetry state-to-state reaction probabilities, summed over all open reactant and product channels with the given total angular momentum and permutation symmetry. Thus these include only evenj for the a = 1 reactants, and for the products they include the symmetric linear combination of the a = 2 and a = 3 arrangements.'9'b' (Since total angular momentum and permutation symmetry are both good quantum numbers, no approximation is involved in decoupling these reaction probabilities from the others.) From Table VI differences between the probabilities from sets 1 to 4 are at most 10% for the smallest probabilities. (We do not claim good convergence for very small reaction probabilities.) All further results presented for surface SSEC are based on calculations performed with parameter set number 3 of Table  V . Similar convergence tests were carried out for the three other surfaces used in this paper, but are not presented in detail. Tables VII and VIII present reaction probabilities from the ground state (U =j = 0) of H, and even-permutationsymmetry cumulative reaction probabilities for surfaces 5SEC and SSEC-W, respectively, for a wide range of energies. Reaction probabilities from excited H, states (v = 0, j#O) for surface SSEC are given in Table IX. IV. DISCUSSION The J = 0 reaction probabilities from the ground state (j = v = 0) of H, into specific product vibrational levels v', summed over all final rotational statesj', are plotted in Fig. 1 for the SSEC surface. In Fig. 2 similar plots for U' = 2 and v' = 3 are presented for surfaces 5A, M5, and SSEC-W.
For both surfaces SSEC and SSEC-W, the U' = 3 reaction probabilities are usually larger than those for v' = 2, and the reaction probabilities for these two states are much larger than those for v' = 0 or 1, but from Fig. 1 we see that for surface SSEC there is a small energy range between 0.41 and 0.45 eV (total energy), where the v' = 2 probabilities are larger than the v' = 3 ones. Figures 1 and 2 also show that Three-dimensional reaction probabilities for F + H, ( u = Oj) -+ H + HF( u', summed over allp) for surface SSEC. 'E is total energy with respect to F + H, at classical equilibrium. bNumbers in parentheses are powers of ten.
the threshold for v' = 3 is not delayed compared to v' = 2. These features of the reaction probabilities compare qualitatively quite well to those calculated for the surface 5A,8 but the curves for U' = 2 and v' = 3 from surfaces SSEC and SSEC-W show more structure than is displayed in the curves for surface No. 5A in Fig. 2 . The reaction probabilities for surface M5 show, as determined previously,4 that there is no appreciable probability of forming HF v' = 3 under these conditions. The even-permutation-symmetry cumulative reaction probabilities (defined above) for surfaces SSEC and SSECWare plotted in Figs. 3 and 4. For surface 5SEC (Fig. 3) , we see that the cumulative reaction probability rises to unity at the overall reaction threshold, in good agreement with the prediction of variational transition state theory." After this, though, the probabilities dip before continuing to rise to the second threshold. This feature in the cumulative reaction probabilities, coupled with the structure in the specific v' reaction probability curves, may imply that there is a resonance close to the threshold. A feature like this is not seen in the cumulative reaction probabilities for the M5 surface or in Figure 4 shows that the resonancelike feature close to the threshold is also present for surface SSEC-W. Although surface SSEC-W is very similar to surface SSEC, the cumulative reaction probabilities at energies above threshold differ qualitatively. In particular, Fig. 4 shows the cumulative reaction probabilities for surface SSEC-W go to two at a much lower energy than do those for surface SSEC. This seems to imply that in spite of the fact that the first threshold for the two surfaces occurs at a very similar energy the first excited state of the transition state is lower in energy on surface SSEC-W than for surface SSEC, or else transition state theory begins to fail at a much lower Etot (eV> FIG. 5 . Same as Fig. 3 for surface No. 5A. energy for surface SSEC than for surface SSEC-W. Another 10 look at Figs. 1 and 2 reveals that the reaction probabilities for surface SSEC-W show more oscillations than do those for surface SSEC. These oscillations show the system's sensitivity to small surface differences. 8
Why does surface SSEC show resonance features near threshold that are not seen for surface 5A? Surface 5A has a different, and we believe incorrect, representation of the Fd -> 6 H-H bending potential, in particular the bending potential is Y G relatively tight on surface 5A but is flat on surface SSEC; in II addition, surface 5A does not include long-range attractive -* -4 forces but surfaces SSEC and SSEC-W do. These features of the new surface may be the reason that resonance features appear in the reaction probabilities.
Since surface SSEC and surface 5A have similar exitchannel potentials, but surface SSEC has a better entrance channel representation, these two surfaces can be used to check the importance of the entrance channel on the vibrational branching ratios. The ratio of the reaction probabilities for final vibrational level U' = 3 to those for U' = 2 from the ground state (U =j = 0) of H, for surface SSEC is plotted in Fig. 6 , and similar plots for surfaces 5A, SSEC-W, and M5 are presented in Figs. 7-9, respectively. These figures show that the (0' = 3)/( U' = 2) branching ratio with J = 0 on all four surfaces overestimates the experimental vibrational branching ratio. The ratio for surface SSEC is larger than that for surface 5A for most but not all energies. The ratio for surface MS is the smallest because this surface has an almost negligible probability of forming U' = 3 HF species under these conditions. Figure 8 shows that surface SSEC-W has a smaller (v' = 3)/(u' = 2) ratio than surface 5A, but this ratio is also larger than the experimental value. These results indicate that the vibrational branching ratios may differ greatly even for surfaces with very similar potentials in one possible interpretation of the present results is that, although the exit channel on surface 5 (which is practically equivalent to the exit channel on surface 5A) was adjusted so as to allow for the production of vibrationally excited HF molecules under thermal conditions,4 the adjustments may be qualitatively but not quantitatively correct. However, it is not clear that the interpretation is so simple. First of all, we note that the (u' = 3)/( u' = 2) branching ratio in Fig. 6 is a very sensitive function of energy. Second, although the exitchannel potentials on surfaces 5A, SSEC, and SSEC-W are very similar, as illustrated for collinear geometries in Fig. 10 , the product vibrational branching ratios for these surfaces are quite dissimilar. Thus the question arises of whether the discrepancy between theory' for surface 5A and experiment for the vibrational branching ratio is likely to be resolved by a better treatment of the F-H-H entrance channel or by the region of high reaction-path curvature, which also has a large effect on product vibrational distributions.**. Cross section calculations for surface SSEC would be useful to help answer this question.
V. CONCLUSIONS
The accurate quantum dynamics calculations for surface 5SEC show that both HF (u' = 3) and HF (u' = 2) are produced at the overall reaction threshold, in agreement with experiment. This surface also shows some resonance behavior around the first threshold energy. The results for surface SSEC-W are qualitatively similar to those for surface SSEC. However, surface SSEC-W appears to have a second "threshold" (i.e., an excited state of the transition state*') at a lower energy than does surface SSEC, and there are some additional oscillations in the reaction probabilities for this surface. The present calculations show that even surfaces with very similar exit-channel potentials may produce quite different ratios of populations for product vibrational levels u' = 3 and U' = 2, so full cross section calcuIations will be required to learn whether surface SSEC is sufficiently realis- tic to reproduce the experimental ratio. It will also be interesting to see the effect of the improved entrance channel bend potential and van der Waals attractions of surface SSEC on quantum mechanical state-to-state differential cross sections.
